In renovascular hypertension (RVH), oxidative stress and inflammation due to high blood pressure and elevated levels of angiotensin 2 are mainly responsible of cerebrovascular complications and impaired cognitive functions. Since the nicorandil has been shown to exert neuroprotective, anti-inflammatory and antioxidant effects, we investigated the effect of nicorandil against vascular dementia and blood brain barrier damage in a rat model of angiotensin-dependent hypertension. Wistar albino rats, were divided as sham-operated control, renovascular hypertension (RVH) and Nicorandil-treated RVH groups. Silver clip was implanted onto the left renal artery. Using the tail-cuff method, blood pressure of rats was measured before the surgery and at the end of the post-surgical 3 rd and 12 th weeks. Nicorandil (4mg/kg, orally) or vehicle was administered for 9 weeks. Twelve weeks after RVH surgery, a new object recognition test was performed. Following the determination of blood brain barrier integrity, serum samples were taken for the evaluation of proinflammatory cytokines tumor necrosis alpha (TNF-α) and interleukin-1 beta (IL-1β). Levels of sodium-potassium adenosine triphosphatase (Na + /K + -ATPase), as a marker of endothelial damage, were evaluated in the hippocampal tissues. RVH resulted in significant increases in TNF-α and IL-1β levels and decreases in Na + /K + -ATPase levels, along with impairment in blood brain barrier integrity and memory performance. In the nicorandil treatment group, these indices were reversed back to control levels. The present data demonstrated that nicorandil attenuates RVH-induced memory impairment and blood brain barrier damage in rats with RVH.
hand, while potassium efflux from the K + channels in cerebrovascular smooth muscle cells increases vasodilatation and perfusion [20] , potassium efflux in neurons is also known to reduce the glutamate and calcium in the neuron, via membrane hyperpolarization [21] .
Nicorandil which carries organic nitrate and nicotinamide in its chemical structure is a KATP channel agonist. It has been used as an effective antianginal drug for a long time [22] . Nicorandil leads to vasodilatation through releasing NO and opening the KATP channels which is also observed in the cardiac muscle membrane [23] . Singh et al. suggested that nicorandil may be beneficial in the treatment of memory impairment in angiotensin-dependent hypertension model through its vasodilator, antiinflammatory, antioxidant and neuroprotective effects [24] . Nicorandil, through opening KATP channels in neurons and cerebral vessels in the brain, can avoid or reduce the ischemic damage [25] . In addition, nicorandil has been shown to protect the neurons against inflammation by reducing the release of proinflammatory mediators, such as TNF-α, IL-1β and IL-6 [26, 27] . In an in vitro model, nicorandil suppressed the increased TNF-α, IL-1β levels due to oxygenglucose deprivation [27] . Morever, Heurteaux et al. demonstrated the neuroprotective effect of nicorandil treatment against transient global forebrain ischemia in rats [28] . In addition, nicorandil has been also shown to exert antioxidative effects through the inhibition of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and lipid peroxidation [29] . Moreover, nicorandil enhances nitric oxide (NO) levels by upregulating the expression of endothelial NO synthase (eNOS) [30] .
In the light of above findings, we aimed to investigate whether nicorandil, through its neuroprotective, anti-inflammatory and antioxidant effects, could alleviate renovascular hypertension-induced memory impairment and blood brain barrier disruption.
RESULTS

Blood pressure
The basal blood pressure that was recorded before surgery was not different among the groups ( Figure  1 ). In the RVH group, the mean systolic blood pressure was significantly elevated at 3 rd (p<0.001) and 12 th (p<0.001) weeks with respect to basal values. In the nicorandil-treated RVH group, in which the treatment was not yet started the 3 rd week records of mean blood pressure were also elevated (p<0.001). However, following the 9-week treatment with nicorandil systolic blood pressure was reduced significantly as compared with that of the 3 rd week (p<0.001).
Figure 1.
Systolic blood pressure values at baseline (t₁ ), 3 weeks (t₂ ) and 9 weeks (t₃ ) after saline or nicorandil treatment. *** p <0.001: according to initial values; ++ p <0.01, +++ p <0.001: Comparisons based on 3-week measurements.
New object recognition test
Results of the new object recognition test revealed that the animals in the saline-treated RVH group had a significantly reduced memory performance with respect to that of the sham-operated control group (p< 0.001; Figure 2 ). However, the memory performances of the nicorandil-treated RVH rats were significantly improved (p< 0.001, Figure 2 ). 
Serum tumor necrosis factor alpha and interleukin 1-beta levels
Serum TNF-α levels were found to be higher in RVH group (P< 0.001) than those of the sham-operated control group. In the nicorandil-treated RVH group, TNF-α levels (p< 0.01) were significantly decreased when compared with saline-treated RVH group (Figure 3a ). Accordingly, RVH caused an elevation in serum IL-1β levels as compared to the sham-operated control group (p< 0.01), while nicorandil treatment significantly depressed the IL-1β levels (p< 0.05) ( Figure 3b ). 
Brain tissue Na + /K + -ATPase levels
Hippocampal Na + /K + -ATPase levels were significantly decreased in the saline-treated RVH group (p< 0.001) with respect to sham-operated control group. On the other hand, nicorandil treatment given to RVH group alleviated this decrement (p< 0.01) ( Figure 4 ). 
Blood brain barrier permeability
As compared to the sham-operated control group, EB content of the brain was significantly increased in the saline-treated RVH group (p< 0.001, Figure 5 ), indicating an enhanced extravasation due to break down of BBB integrity. A significantly reduced EB content was observed in the nicorandil-treated RVH group (p< 0.001), but it was still higher than that of the sham-operated control group (p< 0.05). 
DISCUSSION
The results of the current study demonstrate that the sustained high blood pressure due to RVH led to short-term memory impairment and blood brain barrier disruption through a cytokine-induced inflammatory response that also affects the hippocampal membrane stability. On the other hand, the results of the current study suggest that nicorandil treatment exerts neuroprotective effects on RVH-induced inflammation and cerebral injury, and thereby alleviates the cerebral complications of prolonged hypertension.
Our study indicated that high blood pressure promotes inflammation as it was demonstrated with high serum inflammatory cytokine levels in the RVH group. Along with its blood pressure lowering effect, nicorandil treatment reduced serum inflammatory cytokine levels. Supportive of this data, reports of previous experimental studies have suggested that, cerebral endothelium is exposed to mechanical stress in RVH, during which the high blood pressure over-stimulates the mechanoreceptors, [31] . Lan et al (2004) have reported that shear stress activates nuclear factor kappa-B (NFB) pathway, which then triggers NADPH oxidase and xanthine oxidase gene expression, and consequently enhances ROS production [31, 32] . Activation of the NFB pathway also increases the expression of proinflammatory cytokines, including TNF-α, IL-1β [33] .
It has been known for many years that A-II is found in high blood levels in RVH, and in addition to its blood pressure-elevating effects A-II damages cerebral endothelium in many ways. In the current study, poor cognitive function of the RVH rats with a prolonged period of hypertension encourages this hypothesis. In RVH, local A-II generation in cerebral vessels is also facilitated as an adaptive hypertrophic response to high blood pressure [34] . Oxidative stress, inflammation and cell hypertrophy on cerebral endothelium are detrimental effects of A-II that cause cerebral hypoperfusion and trigger vascular dementia. First of all A-II increases ROS production by activating NADPH oxidase through A-II type 1 receptor (AT1R) on cerebral endothelium [35] . Secondarily, A-II triggers cell hypertrophy and proliferation in cerebral endothelium through the increased generation of autocrine and paracrine growth factors, such as fibroblast growth factor (FGF), platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming growth factor beta (TGFβ). Moreover, A-II promotes cerebral vessel inflammation in all stages of inflammation. A-II elevates vascular permeability and also promotes the adhesion of monocytes, leukocytes and neutrophils to cerebral endothelium cells by upregulating the expressions of adhesion molecules, e.g. selectins and vascular cell adhesion molecules (VCAM)-1. Another important mechanism that explains the relationship between A-II and cerebral inflammation is that A-II increases the expressions of TNF-α, IL-1β and IL-6 genes in macrophages [33] by activating NFB and Rho/Rho kinase pathways [36, 37] . It is well known that pro-inflammatory cytokines damage cerebral endothelium with several mechanisms. In cultured human epithelial cancer cells, it was demonstrated that both TNF-α and IL-6 stimulate endothelial cell growth and migration [38] . Various studies have shown that pro-inflammatory cytokines trigger apoptosis, increase the generation of ROS and MMPs, which promote the degradation of collagen, elastin and other components of cerebral endothelial cells [39, 40, 41] . Results of the current study showed that high serum inflammatory cytokine levels in RVH along with poor cognitive functions is a predictor of cerebral endothelium damage. On the other hand, nicorandil treatment with its anti-inflammatory, antioxidant, vasodilator effects could have enhanced cerebral blood flow, which may have then improved cognitive functions of RVH rats assessed by a short-memory recall test. Similarly, in the RVH-induced vascular dementia model, Singh et al. has found that nicorandil reduced the thiobarbituric acid reactive substance (TBARS) levels, an oxidative stress biomarker in serum and brain and, increased antioxidant levels. In the same study, nicorandil improved cognitive functions in short and long memory recall tests. [24] . Furthermore, in the chronic central hypoperfusion animal model similar results were found with nicorandil treatment [42] .
BBB, composed of specialized endothelial cells interconnected by tight junctions, restricts the passage of substances between the circulatory and central nervous systems. Biancardi et al (2014) have demonstrated that spontaneous hypertensive rats, as well as renovascular hypertensive rats, have a disrupted BBB [43] . The results of our study are in agreement with these previous studies. Microvessel culture studies have shown that AT1R activation increases BBB permeability [44, 45] . Inflammatory IL-1β, and TNF-α, which are shown to increase in the circulation of RVH rats also disrupt the integrity of BBB [46, 47] . Another mechanism that damages the BBB in RVH is the disintegration of adventitia layer in the cerebral vascular endothelium by MMP enzymes, which are activated by inadequate cerebral blood flow. In our study, it appears that nicorandil treatment prevented the impairment of BBB due to its anti-inflammatory effects in conjunction with its cerebral blood flow-enhancing effects.
The extracellular K + concentration is crucial in the excitable cells, including the neurons [48] . Na + /K + -ATPase, an essential enzyme responsible for the control of electrochemical gradient, maintains the normal gradient of sodium and potassium ions across the cell membranes. Reduction of Na + /K + -ATPase activity, as in ischemic conditions, causes an ionic unbalance, deteriorates various neurotransmitters and triggers hypoxia and inflammation, resulting in cognitive defects [49] . The results of current study showed that depletion of Na + /K + -ATPase levels in the hippocampi of in RVH rats was accompanied by apparent cognitive defects. Since nicorandil treatment preserved the Na + /K + -ATPase levels and improved the impaired memory function, it may be suggested that this beneficial impact of nicorandil may be due to its modulatory effects on cerebral endothelium.
CONCLUSION
In conclusion, our results demonstrate that nicorandil treatment reduces blood pressure, protects cerebral endothelial function and improves memory performance through its anti-inflammatory and BBBpreserving effects. Although further experimental and clinical studies are required, the findings advocate the use of nicorandil as a potential therapeutic agent in preventing hypertension-related cognitive defects.
MATERIALS AND METHODS
Animals and ethics
Male and female Wistar Albino rats (200-300 g) were housed in an air-conditioned room with 12 h light and dark cycles, where the temperature (22±2°C) and relative humidity (65-70%) were kept constant. They were obtained from Marmara University (MU) Research Center for Experimental Animals (DEHAMER). All experimental protocols were approved by the MU Animal Care and Use Committee (#52.2019.mar).
Surgery and experimental protocol
Rats were divided into three groups, each consisting of fourteen animals: Sham-operated control, renovascular hypertension (RVH) and nicorandil-treated RVH groups. To induce anesthesia, rats were injected intraperitoneally with 100 mg/kg ketamine and 0.75 mg/kg chlorpromazine. A silver clip (internal diameter 0.25 mm) was placed around the left renal artery of the rats [2, 50] . In the sham-operated control group, the rats underwent a similar surgical procedure without clip insertion. Starting at 3 weeks following surgery, rats were treated perorally with either saline (control and RVH groups) or nicorandil (4 mg/kg, RVH+Nic) for 9 weeks. The rationale for the used dose of nicorandil is based on a previous study, where the therapeutic effects of nicorandil were observed in a RVH-induced vascular dementia [22] . Twelve weeks after RVH surgery, a "new-object recognition test" was performed. At the end of the experiment, 6 animals from each group were used for the assessment of blood brain barrier permeability. Rest of the animals in each group (n=8) were decapitated to obtain, hippocampal tissues and serum samples. All samples were stored at -80 ° C for biochemical analyses.
Blood pressure measurement
Indirect blood pressure (BP) measurement was made by the tail-cuff method. Initially, the rats were placed in a chamber heated to 35°C for 10 min. Then the rats were placed in individual plastic restrainers and a cuff with a pneumatic pulse sensor was wrapped around their tails (Biopac MP35 Systems, Inc. COMMAT Ltd., Ankara, Turkey). Blood pressures were recorded before surgery (t1), at the third week (t2), and at the end of the 12 weeks (t3). During each measurement session, at least three consecutive readings obtained from each rat and the average was used as the record of that animal [50] .
Biochemical analysis
Chemicals
Nicorandil was obtained from Santa Cruz Biotechnology, Inc. (California, USA). Rat IL-1ß ELISA Kit, Rat TNF-α ELISA Kit and Rat Na + /K + -ATPase ELISA Kit were obtained from YL Biotech Co. (Shanghai, China). Evans blue was obtained from Sigma Chemical Co. (St Louis, MO, USA).
Measurement of the levels of serum cytokines and hippocampal Na + /K + -ATPase
Serum TNF-α and IL-1β, and hippocampal Na + /K + -ATPase levels were quantified according to the manufacturer's instructions and guidelines of the enzyme-linked immunosorbent assay (ELISA) kits specific for rats (YL Biotech Co. Shanghai, China).
Evans blue assay for the evaluation of blood brain barrier permeability
Six animals from each group were used for blood brain barrier permeability assessment. To evaluate the blood brain barrier (BBB) integrity, Evans blue dye (EB) was used as a marker of albumin extravasation [51] . Briefly, EB (2% in saline, 4 ml/kg) was injected via the jugular vein and was allowed to circulate for 30 min. Then, chests were opened and the rats were perfused transcardially for approximately 15 min with a 250 ml of saline at a pressure of 110 mm Hg. After decapitation, the brain tissues were removed and weighed for the quantitative measurement of EB-albumin extravasation. Brain samples were homogenized in a 2.5 ml phosphate-buffered saline and mixed by vortexing for 2 min after the addition of 2.5 ml of 60% trichloroacetic acid to precipitate the proteins. Samples were cooled and then centrifuged for 30 min at 1000 g. Using a spectrophotometer (Shimadzu UV1208, Japan), the absorbance of EB in the supernatant was measured at 620 nm. EB was calculated using a standard curve and was expressed as mg/g of brain tissue.
New object recognition test
Twenty-four hours before the test session, animals were first allowed to acclimate to the environment (habituation phase). Animals of the same cage were placed together in the box (31 x 24 x 45.5 cm) that will be used for testing and were kept for one hour. During the training phase, each rat was put for 3 minutes in the same box, where two objects (A + A) of the same kind were placed, and its activity was were recorded by a video camera. Then the rat was returned to its home cage. An hour later, the rat was observed and video-taped for 3 minutes in the box containing the old and a new object (A + B) (test phase). During all experiments, the box and objects were cleaned with 70% alcohol solution before the test of the next animal [52] .
For the assessment, time spent for exploring new and old objects were recorded in seconds and the discrimination index (DI) was calculated using the formula, where Tn is the time to explore new object and To is the time to explore old object: DI : (Tn -To) / (Tn + To).
Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, USA). Each group consisted of fourteen animals. Six animals from each group were used for BBB permeability assessment and eight animals from each group were used for other biochemical analyses. All data are expressed as the mean ± SEM. The Mann-Whitney U-test was used to evaluate scores of the new object recognition test. Biochemical data was analyzed with ANOVA followed by Turkey's multiple comparison tests. Statistical significance was accepted as p < 0.05.
